In this chapter a solution to the problem of planning an interstellar voyage at relativistic velocities by automatic control was proposed. To this aim, position and velocity of a relativistic interstellar spacecraft can be found by means of automatic measurements onboard of the aberrated angular distances between three quasars, at least. Indeed, this set can represent a reliable inertial reference frame due to the circumstance that quasars can be considered fixed in the space due to their large distances from Earth. To this aim, the so-called apical latitude and longitude of some quasars can be obtained from their right ascension α and declination δ in astronomical catalogues, using some mathematical expressions to provide the aberrated coordinates of a relativistic spacecraft during an interstellar space mission. The algorithm used in this study showed that the accuracy of determining the aberrated apical coordinates of a spacecraft increases significantly using quasars with aberrated apical latitude values lower than 45°in the direction of motion, suggesting that one or more normal-sized telescopes aboard the spacecraft can use quasars within a cone with angular aperture of about 45°, providing aberrated apical latitudes of the spacecraft with errors ranging from 10 À7 to 10 À9 .
Introduction
The history of human civilization is characterized by a natural tendency of extending the limits of human exploration. This is surely the most important reason of the exploration of interstellar spaces. Furthermore, the exponential increase in energy requirement by mankind may be considered another reason of the exploration of interstellar spaces. Nevertheless, also the research of extraterrestrial life can be considered an input to explore interstellar spaces.
In this regard, several projects to plan an automated spacecraft throwing toward the nearest interstellar systems have been proposed up to now. Project Orion proposed a mission toward the star closest to Earth, Alpha Centauri, using the nuclear pulse propulsion system, a mission which would take about 140 years [1, 2] . Project Daedalus followed the guidelines that the spacecraft could be designed to allow for a variety of target stars, reaching its destination within a human lifetime, using electron-driven D/He 3 fusion reactions, to accelerate the spaceship up to 12% of the velocity of light [3] . Project Icarus has been recently proposed to revise some aspects of the original Project Daedalus, as the choice of fuel to be used as a propellant [4] . Further possible techniques for propulsion of an interstellar spacecraft have been proposed up to now [5] [6] [7] . Nevertheless, an upper limit to the velocity of an interstellar spacecraft exists, because, hypothesizing a velocity comparable to the light velocity, the spaceship will get a weight more than 2000 ton. Hence, a reasonable value of velocity of an interstellar spaceship would not exceed 0.3 c for an interstellar voyage, and it is expected to last about 30 years, at least. Such long time forces us to plan navigation and guidance of the spacecraft by means of automated control on-board the spacecraft. Indeed, sending a signal from a spaceship to Earth at a distance of several light years would ask for an extremely long time, as the signal would travel at the velocity of light, making out of the question any Earth-side control of an interstellar mission.
Otherwise, mankind's exploration of space has been characterized by the extraordinary achievements of both robotic and manned space missions. The success of robotic space missions was due to the development of automated space navigation systems that have enabled the determination of the spacecraft's position and velocity, providing accuracies for traversing interplanetary distances and obtaining precise landings on the surface of the moon and of some planet of the solar system. The required position and velocity of a space mission to support trajectory corrections can be obtained by the current and predicted values of the spacecraft's position and velocity, provided by ground and on-board guidance and control systems.
In contrast, hypothesizing an interstellar voyage, no navigation and guidance control can be carried out by control systems on Earth because of the very long distances between Earth and stars. An interstellar spacecraft should check automatically its trajectory, calculating direction and modulus of its velocity by means of automatic measurements on-board. To this aim, a celestial reference frame is needed so that a fixed coordinate system can provide an instantaneous determination of the spacecraft's position with respect to the celestial reference frame. Hence, the spacecraft's trajectory can be compared with knowledge of the destination stellar object, and maneuver control can be applied, determining velocity changes to rectify the spaceship's trajectory.
Previous studies showed that a celestial reference frame constituted by three quasars, at least, can be successfully used to determine position and velocity of an interstellar spacecraft [8] . Indeed, quasi-stellar objects (quasars) can be considered a reliable inertial reference frame for an interstellar voyage because they are pointlike stellar objects and their proper motion can be neglected due to their extremely long distance. Furthermore, the accuracy of determining the aberrated coordinates of an interstellar spacecraft can be improved using a set of quasars whose aberrated apical latitudes are within a cone with an angular aperture of 45°and the axis in the direction of motion of the spacecraft.
The celestial reference frame for an interstellar space mission
Previous space missions within the solar systems have been carried out up to now in a space reference frame associated with the planetary ephemeris represented by a solar system barycentric frame aligned with the planetary ephemeris. In previous space missions, space radio tracking has been performed by means of Doppler and range systems and very-long-baseline interferometry (VLBI), so that accurate information regarding corrections to be carried out to the spacecraft's trajectory were obtained [9] .
Otherwise, automatic measurements on-board an interstellar spacecraft should be carried out to check the prefixed trajectory, comparing computed values of position and velocity with expected values of position and velocity so that the spaceship's trajectory can be automatically rectified toward its target. To this aim, the primary step to plan an interstellar space mission is the choice of a reliable inertial reference frame, using computing and motion sensors on-board for tracking spacecraft's position, orientation, and velocity to support trajectory corrections.
The discovery of radio pulsars led to the idea of using pulsar timing observations for interstellar navigation [10] . Indeed, pulsars are rotating neutron stars that emit beams of electromagnetic radiation, and they are bright enough to be used in a space mission. Nevertheless, some limitations reduce their effectiveness in navigation and guidance of interstellar space missions. Indeed, neighboring celestial objects are broadband radio sources that can obscure weak pulsar signals [11] . Furthermore, propagation of radio signals is in phase lags of variable and unpredictable duration so that they set the limitation on accuracy. The most relevant limitation is that at radio frequencies that pulsars emit, radio-based systems on-board would require too large antennas impracticable for a spacecraft. Furthermore, optical observations of pulsars during interstellar navigation would be impractical because of the small number of detectable optical pulsars [10] [11] [12] .
X-ray pulsars were recently considered to overhead these limitations. Indeed, an X-ray telescope of normal-size dimension can be required to detect X-ray pulsars. The basic concept of interstellar space missions using X-ray pulsars was recently described [12] [13] [14] . Nevertheless, other limitations have to be considered. First, long-term observations of X-ray pulsars highlight irregularities in the pulse rate. Second, irregularities in the spacecraft's clock could cause an error in measurement of time of arrivals of pulsars' beam. Third, the pulse shape may differ between the X-ray and the radio wave bands producing an offset between the time of arrivals measured using the different bands. Finally, pulsar timing ephemeris obtained from long-term ground-based radio observations may be not reliable because pulsars' proper motion cannot be negligible and reducing uncertainties that arise from pulsar position errors is critical.
Otherwise, quasars' position can be considered stationary in the sky because of their large distance from the observer, deduced by very high redshift values. Indeed, spectra of the most numerous quasars can be explained only by a cosmological redshift due to the expansion of the universe. The accretion of material on a central, massive black hole can explain the observed high quasar energy fluxes. Hence, quasars can be considered a reliable inertial reference frame because their proper motion can be neglected due to their extreme distance and bright and pointlike appearance. As regards this topic, the International Celestial Reference Frame (ICRF) was proposed, and it represents a catalogue of extragalactic radio sources observed with VLBI; the majority of them are quasars and are distributed around the sky [15] . The ICRF was successively developed using an extended list of sources that was adopted by the International Astronomical Union in 2009 for a second realization of a new catalogue named ICRF2, which provides absolute coordinates for 3414 sources with errors within 0.1 mAs (milliarcseconds) and the orientation of the axes that can be considered fixed within 0.01 mAs [16, 17] .
Proper motions of sources could be taken into account to improve the reliability of ICRF2. The dominant proper motion of the major parts of sources is related to internal structural changes that can produce apparent motions several 100 μAs/yr (microarcseconds per year), that is, an order of magnitude larger than proper motions due to the secular aberration drift. However, proper motion due to internal structural changes was detected to be relevant only for unstable sources. A selection of stable sources could be made for a realization of a catalogue of quasars to be used for interstellar space missions. Instead, secular aberration drift is an apparent change in the velocity of distant objects caused by the acceleration of the solar system barycenter directed toward the Galactic Center. This effect may cause apparent proper motion of all quasars by an estimated average value 4-6 μAs/yr and direction toward the points with equatorial coordinates α = 266°and δ = À29° [18] . Also this error may be considered negligible, but it could be taken into account for accurate planning of interstellar space mission.
Hence, quasars can represent a reliable inertial reference frame to be used for interstellar space missions, because their proper motions can be neglected. In the optical domain, the Hipparcos catalog is currently used for optical astrometry, due to the launch in 1989 of the ESA space-astrometry satellite Hipparcos, which was aligned to the ICRF within 0.6 mAs for the orientation at 1991.25. Nevertheless, other ambitious space-astrometry projects will provide astrometry measurements in the optical domain. The ESA Gaia mission, which will survey about 109 stellar objects brighter than 20 magnitude (mag), with expected accuracies in the 7-25 μAs, ranges down to 15 mag and sub-mAs accuracies at the limit 20 mag. The observations of about 500,000 quasars will provide the Gaia extragalactic reference frame (GCRF), a kinematically nonrotating system close to 0.3 μAs/yr and a positional precision reaching 50 μAs. Of these, only the quasars with the most accurate positions with magnitude lesser than 18 will be used to define a new celestial reference frame in the optical domain, the Large Quasar Reference Frame (LQRF) [19] . The final catalogue is expected around 2021, but with intermediate data that are expected to be available by 2015. An accurate alignment between the two celestial reference frames, the LQRF and the ICRF, can be carried out using only 10% of the current ICRF sources for the alignment with the future Gaia frame, but further multistep VLBI observational projects have been planned to observe new VLBI sources suitable for the alignment with the future Gaia frame [19] .
Another space-astrometry project is the Space Interferometry Mission PlanetQuest Light (SIM-Lite), which consists of an optical interferometer system with a baseline of 6 m and a 30-cm guide telescope that would search 65 nearby stars for planets of masses down to one Earth mass, achieving 8 μAs accuracy on the nineteenth magnitude objects and 4 μAs for objects up to 14 mag that would constitute a new astrometric grid.
The apical coordinate system
The inertial reference frame for interstellar missions can be represented by a spherical coordinate system where the spacecraft is at rest. This system is termed the "apical system" and is represented in Figure 1 , where the origin of the system represents the position of the spaceship, OV is the direction of the motion, P is the North equatorial pole, and Q is a quasar. The apical latitude θ is measured from the direction of the spacecraft's velocity OV to the quasar Q. The apical longitude l is measured from the plane that contains the direction of velocity and the direction of the equatorial pole to the plane containing the same vector of velocity and the quasar (see Figure 1 ).
The apical coordinates of a quasar can be related to its astronomical coordinates the right ascension α and the declination δ (that are known from the ICRF2 catalogue) by means of some equations derived from spherical astronomy [20, 21] :
where α v and δ v are the stationary coordinates of the vector velocity of the spacecraft that have to be recomputed during the voyage.
The spaceship should determine its position by means of the apical coordinates of a number of quasars. It was shown that spacecraft's position and velocity can be determined using only three quasars by means of automatic measurements on-board the spacecraft of the angular distances ψ i between the quasars [8] .
Indeed, the angular distances ψ 1 , ψ 2 , and ψ 3 between three quasars named Q 1 , Q 2 , and Q 3 , pointed out in Figure 2 , can be related to their apical coordinates applying the II Gauss formula to the spherical triangles represented in Figure 2 :
The apical latitude θ and the apical longitude l of a quasar in the apical system.
The apical coordinates θ i and l i (i = 1, 2, 3) of three quasars in the apical system (where the spacecraft is at rest).
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Measurements on-board the spaceship of the angular distances ψ 1 , ψ 2 , and ψ 3 could be used to obtain the apical coordinates, determining the position and velocity of a spacecraft.
The aberrated apical coordinates at relativistic velocities
The most relevant effect to be taken into account at relativistic velocities is represented by the change in direction of a stellar object because the point of view of an object from a moving observer depends on its velocity, and this change is not negligible if the velocity is comparable to the velocity of light. Indeed, according to the relativistic aberration, during the motion of an object, its apical coordinates θ i change into θ i 0 as follows [22] :
p .
(v and c are the velocities of the spacecraft and of light, respectively). As the velocity of a spacecraft during an interstellar space mission should range from 0.1 to 0.3 c, the apical coordinates θ i and l i of the spacecraft (i = 1, 2, 3) and the angular distances ψ i between the quasars should change in the "aberrated coordinates" θ i 0 , l i 0 , and ψ i 0 , respectively. However, the aberrated coordinates of the spaceship can be related to its apical coordinates applying some relation analogue to Eqs. (4)- (6) .
In particular, the spacecraft's velocity value V j + 1 at the time (j + 1) and the related aberrated coordinates can be obtained from the spacecraft's velocity V j and the aberrated coordinates at the time (j) by means of measurements of three quasars at least and some expressions derived from spherical astronomy [20, 21] . The apical and aberrated coordinates of the velocities V 1 (j = 1) and V 2 are pointed out in Figure 3 . The vectors V 1 and V 2 may be represented in the apical system by their apical coordinates
Nevertheless, only measurements of the aberrated angular distances ψ i ″ (i =1,2,3) between the quasars can be carried out aboard the spacecraft. Applying the II Gauss' formulae to the spherical triangles ABV 2 and A″B″V 2 , BCV 2 and B″C″V 2 ,andCAV 2 and C″A″V 2 , the following relations can be obtained:
cos ψ 00
Assuming that the dihedral angles E i,j (i, j = 1, 2) between two quasars do not change because of their large distances from the observer (i.e., cos E 2, i ¼ cos E 00 2, i , i = 1, 2, 3), we can relate Eqs. (9)- (11) to analogue expressions where the notaberrated coordinates appear: cos ψ 00 1 À cos θ 00 A 2 cos θ 00
cos ψ 00 2 À cos θ 00 B 2 cos θ 00
cos ψ 00 3 À cos θ 00 A 2 cos θ 00
Applying the formulation of the relativistic aberration to the aberrated coordinates θ A2 , θ B2 ″, and θ C2 ″, the apical coordinates θ A2 , θ B2 , and θ C2 can be obtained, respectively, by means of the following equations, derived from Eqs. (7) and (8):
The set of Eqs. (15)-(17) allows to express the set of Eqs. (12)- (14) as a function of the apical coordinates of the spaceship θ A2 , θ B2 , and θ C2 and of the aberrated modulus of the velocity β″ (in unit of c). Applying again the II Gauss' equation and the sinus theorem to the spherical triangles B″C″V 2 and A″B″V 2 , we obtain Spacecraft Guidance Sensing at Relativistic Velocities DOI: http://dx.doi.org/10.5772/intechopen.87981 cos θ 00 B 2 ¼ cos ψ 00 2 cos θ 00 C 2 þ sin ψ 00 2 sin θ 00
The set of equations reported above allows to obtain the apical coordinates θ A2 , θ B2 , and θ C2 (at time j = 2) as a function of the apical coordinates θ A1 , θ B1 , and θ C1 (at time j = 1) and of the measured quasars' angular distances ψ 1 ″, ψ 2 ″, and ψ 3 ″. Hence, this algorithm can provide the direction and modulus of velocity that have to be used to rectify the trajectory of the spacecraft toward its target.
Applying the algorithm to determine the spacecraft's aberrated apical coordinates
The solution of the set of equations reported above can provide the exact values of the aberrated coordinates of a spaceship that are required for navigation and guidance during an interstellar space mission. Nevertheless, previous results showed that the accuracy of determining the aberrated coordinates depends on the apical coordinates of the quasars that are used. Indeed, it was shown that applying the algorithm to typical apical latitudes around 90°of three quasars, the best accuracy in the determination of apical coordinates can be obtained using quasars with apical longitudinal angular distances around 90°and 180° [8] .
In this simulation study, instead of simulating a variation of quasars' apical longitudes, quasars' apical latitudes ranging from 5°to 120°were used, using also the value of the spaceship's aberrated velocity modulus β = 0.1 (in unit of c) and the values θ = l = 0.5°that represent a typical change in direction of the motion of the spacecraft. The results of this simulation study were reported in Tables 1-12 (in the Appendix section) where quasars' aberrated angular distances, spacecraft's aberrated apical latitudes, and aberrated velocity modulus values were reported as a function of typical quasars' apical latitudes and longitudes. Looking at the results reported in Tables 1-12, it appears that the aberrated velocity modulus values obtained from the input value β″ = 0.1 are all very close to this value, confirming the reliability of the algorithm. In addition, the variations of the aberrated velocity modulus decreased with the decrease of quasars' apical latitude, getting the best accuracy using quasars' aberrated apical latitudes lower than 45°. The average of the values of spacecraft's aberrated velocity modulus obtained at typical apical longitudes was plotted as a function of quasars' aberrated apical latitude, and a sigmoidal fit was used with upper and lower asymptotes equal to 7.08 Â 10 À7 and 4.88 Â 10 À8 , respectively (see Figure 4) . A statistical analysis was carried out applying Student's t-test for comparison between two groups: the group of quasars whose aberrated apical latitude are θ ≤ 45°and the group of quasars with θ > 90°, with p < 0.05 considered significant. The t-test provided the result that the group of quasars with θ ≤ 45°is significantly different in comparison to the other group (p < 0.01), showing that the accuracy of determining the spacecraft's aberrated velocity β″ increases using quasars' aberrated apical latitude θ ≤ 45°. Hence, the result of this simulation study has confirmed that a celestial reference frame consisting of three quasars can be successfully used for interstellar navigation regardless of their apical coordinates, but the best accuracy in the determination of spacecraft's apical coordinates can be obtained using quasars whose aberrated apical latitudes are lower than 45°. Table 1 . Table 2 . Table 3 . Table 5 . Table 7 . Furthermore, as the aberrated coordinates of an interstellar spaceship are related to its aberrated velocity by means of Eqs. (15)-(17) the minimization of the uncertainty in the determination of the spacecraft's aberrated velocity provides an increase in accuracy of determining the aberrated apical coordinates using quasars in that range of aberrated apical latitudes.
Quasars' aberrated angular distances, spacecraft's aberrated apical latitudes, uncertainties, and aberrated velocity as a function of quasars' apical latitudes θ
A = θ B = θ C =5°. Apical latitudes (deg) θ A = 10; θ B = 10; θ C =10 Apical longitude values (deg) l A l B l C Quasars' aberrated angular distances (rad) Ψ 1 ″ Ψ 2 ″ Ψ 3 ″ Aberrated apical latitudes (rad) θ A2 ″ θ B2 ″ θ C2 ″ Aberrated velocity β″ = v″/c
A = θ B = θ C =1 0°.
A = θ B = θ C =2 0°. Apical latitudes (deg) θ A = 30; θ B = 30; θ C =30 Apical longitude values (deg) l A l B l C Quasars' aberrated angular distances (rad) Ψ 1 ″ Ψ 2 ″ Ψ 3 ″ Aberrated apical latitudes (rad) θ A2 ″ θ B2 ″ θ C2 ″ Aberrated velocity β″ = v″/c
A = θ B = θ C =4 0°. Apical latitudes (deg) θ A = 45; θ B = 45; θ C =45 Apical longitude values (deg) l A l B l C Quasars' aberrated angular distances (rad) Ψ 1 ″ Ψ 2 ″ Ψ 3 ″ Aberrated apical latitudes (rad) θ A2 ″ θ B2 ″ θ C2 ″ Aberrated velocity β″ = v″/c
This result suggests that one or more normal-sized telescopes aboard the spacecraft can carry out feasible maneuvers along the direction of motion of the spaceship for the automatic measurements of quasars' angular distances because quasars to be used are within a cone with the axis in the direction of motion of the spaceship and an angular aperture of 45°(see Figure 5 ). The large number of quasars whose coordinates have been measured in radio and optical domains and quasars' uniform distribution over the sky [17, 19] can ensure the feasibility of this design.
Furthermore, the limit of accuracy of determining the aberrated coordinates and velocity of an interstellar spacecraft depends on the technique which can be used aboard the spaceship for measuring angular distances between quasars. As described in the previous sections, a positional precision close to 50 μAs for quasars with magnitude lesser than 18 should be reached by means of Gaia space mission which will define a new celestial reference frame in the optical domain, the LQRF. We have performed a simulation study assuming that angular measurements between quasars can be carried out on-board the spaceship with errors within 1 mAs. It may be considered a reasonable estimate of accuracy of automatic angular measurements aboard an interstellar spacecraft, because it represents a value conservatively much smaller than that will be reached in the future astrometry space missions mentioned above. In addition, coordinates' evolution of "stable" quasars is assumed to be around 0.2 mAs [19] , so that this uncertainty cannot influence measurements of quasars' angular distance aboard the spacecraft within the assumed accuracy of 1 mAs. 
The uncertainty values Δθ″ of the aberrated apical latitude were computed using the values obtained from this simulation study, assuming that a reasonable estimate of uncertainty of measurements on-board the spacecraft is Δψ = Δλ = ΔE = 1 mAs. The results of this computation were reported in the last columns of Tables 1-12 .
Looking at the values Δθ″ reported in these columns, it appears that the relative error of the aberrated apical latitude Δθ 00 θ 00 decreases with a decrease of the aberrated apical latitude, providing the lowest-order relative error values ranging from 10 À7 to 10 À9 using aberrated apical latitudes lesser than 45°. This result is in agreement with the previous result regarding the increase in accuracy of determining the spacecraft's aberrated velocity β″ which was obtained using quasars' aberrated apical latitude θ ≤ 45°.
Conclusions
In this chapter an inertial celestial reference frame represented by three quasars, at least, was described, which can be used for future interstellar space missions at relativistic velocities. The equations to determine the aberrated apical coordinates of a spacecraft as a function of the astronomical coordinates of a set of quasars were derived from spherical astronomy.
In particular, a simulation to increase the accuracy in the determination of the aberrated coordinates of a relativistic spacecraft during an interstellar space mission was carried out. The uncertainty of measurements in navigation control can be minimized selecting the set of quasars. The accuracy of determining the aberrated velocity and the aberrated apical coordinates of a spacecraft increased significantly (p < 0.01) using an inertial reference frame formed by quasars with aberrated apical latitudes lower than 45°. This result suggests feasible design techniques for measurements of quasars' aberrated angular distances aboard the spaceship within a cone with the axis in the direction of motion of the spaceship and an angular aperture of 45°.
Further simulation was performed assuming that measurements of quasars' angular distances can be carried out on-board the spacecraft with accuracy within 1 mAs. The uncertainty of the aberrated apical latitudes of a spacecraft was obtained in this simulation providing small errors ranging from 10 À7 to 10 À9 using quasars' apical latitudes less than 45°.
Finally, further corrections can be carried out taking into account corrections to aberrated coordinates due to Doppler shift, secular aberration drift, and the expansion of the universe.
